Background: Disturbances in intracellular pH (pH i ) of the heart can trigger major changes in the strength and rhythm of the heartbeat. It is well known that two extruders, Na ϩ /H ϩ exchange (NHE) and Na ϩ /HCO 3 -symporter (NHS), and a monocarboxylic acid transporter (MCT) are involved in acidequivalent extruding in the human heart. Drinking alcohol has been proven to affect blood pressure and heart contractility and, sometimes, causes cardiac arrhythmia. To assess the effects of alcohol on pH i regulators and electromechanical parameters, various concentrations of alcohol were superfused into human myocardium in the present study.
C HANGES IN INTRACELLULAR pH (pH i ) have im-
portant physiological or pathophysiological functions. Many cellular mechanisms are sensitive to changes in pH i . These include enzyme catalysts, such as those involved in the glycolytic pathway (Trivedi and Danforth, 1966) . For example, a pH i change from 7.1 to 7.2 increases nearly 20-fold the activity of phosphofructokinase, a key enzyme in glycolysis. Also affected by pH i are the control of the cell volume (Grinstein et al., 1992; Hallows et al., 1994) , the regulation of cellular growth and differentiation (Grinstein et al., 1989) , and the kinetic properties of K ϩ and Ca 2ϩ channels (Carbone et al., 1981) . For the heart, cardiac contractile and electrical activity are sensitive to changes in pH i (Allen and Orchard, 1987; Bountra and VaughanJones, 1989) . Moreover, pH i disturbances have recently been claimed to be responsible for the reversible contractile dysfunction and malignant ventricular arrhythmias seen in animal and human cardiac myocytes (Karmazyn and Moffat, 1993; Loh et al., 2002c; Loh et al., 2003; Orchard and Kentish, 1990) . pH i in animal and human cardiac cells is kept within a narrow range (7.0 -7.2) through the combined operation of sarcolemmal transporters and the intra-cellular buffering capacity (Leem et al., 1999; Liu et al., 1990; Loh et al., 2002a Loh et al., , 2002b . The sarcolemmal transporters can be divided into two main categories: acid extrusion carriers and acid loading carriers. In the human heart, the major transporters responsible for acid extrusion are Na ϩ /H ϩ exchange (NHE) and Na ϩ /HCO 3 -symporter (NHS) (Grace et al., 1993; Loh et al., 2002a Loh et al., , 2002b . Moreover, lactate is a major respiratory fuel in cardiac and skeletal muscle under hypoxic conditions ( Brooks, 1991; Buchalter et al., 1989; Denton and Halestrap, 1979) . Therefore, a monocarboxylic acid transporter (MCT) is also of fundamental importance to extrude lactic acid during periods of high glycolytic activity and some pathophysiological conditions in most mammalian cells .
Studies of experimental animals have shown varying and apparently opposite effects of alcohol on cardiac rhythm and contracture, some of which may even be antiarrhythmic (Davidson, 1989; Fernandez-Sola and Nicolas-Arfelils, 2002; Kostis et al. 1977; Nguyen et al., 1987) . Indeed, for humans, epidemiologic studies suggest that daily ingestion of small amounts of alcohol may protect the heart, whereas higher intake may be detrimental (Altura et al., 1996) . Moreover, it has been demonstrated that low concentrations of alcohol (15-45 mM) are beneficial for cardiac performance, at least in the intact rat heart and coronary arteries; higher concentrations of alcohol (90-135 mM) are detrimental (Altura et al., 1996) . High concentrations of alcohol decrease coronary flow and lead to loss of cellular Mg 2ϩ , hypoxia, metabolic acidosis of the myocardium, cell membrane damage, and Ca 2ϩ overload, which could result in cardiac failure (Altura et al., 1996) . In an in vitro rat heart study, it was found that alcohol (128 -1024 mM) caused a concentration-dependent decline in developed pressure and electrical activity without a change in adenosine triphosphate, phosphocreatine, inorganic phosphate, or pH (Schulman et al., 1991) . Furthermore, in an in vivo canine model, it was demonstrated that alcohol at a dose of 207 Ϯ 13 mg% (ϳ449 mM) directly or indirectly caused increased metabolic acidosis and myocardial depression in the posthemorrhage period (Gruber et al., 1992) .
In electrophysiological studies, it was found that inhibition of Ca 2ϩ currents by 80 mM alcohol and inhibition of Na ϩ currents by 240 mM are both accompanied by a several-millivolt shift in the channel availability curve toward more negative potentials (Habuchi et al., 1995) . Similarly, treatment of isolated rat cardiac myocytes with 0.25-2.0% alcohol (40 -340 mM) caused a decrease in the peak of the Ca 2ϩ transient, with no apparent change in the time to peak (Thomas et al., 1989) . Moreover, in experiments on cultured chick cardiac myocytes, Nakamura et al. (1999) found that alcohol (Ͼ130 mM) increased the beating rate of cardiac myocytes via the activation of the K ϩ channel. Furthermore, Richards et al. (1989) found that alcohol at a moderate concentration (20 mM) was associated with significant decreases in the action potential amplitude, upstroke velocity, duration of repolarization, and force of contractions in human fetal left ventricle. These effects were reversible.
In the present in vitro study, the acute effects of various concentration of alcohol (30 -1000 mM), covering lower concentrations of pharmacological range to higher concentrations of toxicological range, directly on acid-base balance, pH i regulators, cell membrane potentials, and contractility of human adult myocardium were analyzed. In addition, to investigate the relationship between pH i and electromechanical parameters during exposure to alcohol, we used two different approaches, microspectrofluorometry and conventional microelectrode techniques in parallel experiments under the same conditions.
MATERIALS AND METHODS

Human Atrial Tissue
With the approval of the institutional review committee and with prior informed consent, specimens of right atrial appendages were obtained from 36 patients (21 females and 15 males) without apparent heart failure who were undergoing coronary artery bypass grafting. Right atrial trabecular tissue (0.5-1 mm in diameter; 3-5 mm in length) was removed, as described previously ( Lin et al., 1985; Loh et al., 2002a) , and immediately immersed in cold bicarbonate-containing Tyrode solution. The preparations were then perfused with oxygenated Tyrode solution, 100% O 2 for nominally bicarbonate-free (HEPES) Tyrode solution and 95% O 2 /5% CO 2 for bicarbonate-containing Tyrode solution, at 37°C pH 7.40 Ϯ 0.02 for the experiments.
Measurement of pH i
Measurement of pH i has been described in detail elsewhere ( Loh et al., 2002a; Wu et al., 1996) . In brief, pH i in the right human myocardium was measured using the pH-sensitive, dual-excitation, dual-emission fluorescent dye BCECF-AM (Molecular Probes). The preparations were loaded with BCECF-AM (10 M) by incubating them for 30 min at room temperature and were excited alternately with 490-and 440-nmwavelength light. The ratio of the 510-nm emission at 490-and 440-nm excitation (490 nm/440 nm) was calculated and converted to a linear pH using the following equation: pH i ϭ pK a ϩ log [(R max Ϫ R)/(R Ϫ R min )] ϩ log (F 440min /F 440max ), where R is the 510-nm emission at 490-nm excitation/510-nm emission at 440-nm excitation ratio, R max and R min are the maximum and minimum ratio values, respectively, from the calibration curve (data not shown), pK is the dissociation constant for the dye, taken as 7.05, and F 440min /F 440max is the ratio of the fluorescence measured at 440 nm of R min and R max . The overall sampling rate for the recorded fluorescent ratio (440 nm /490 nm) was 0.5 Hz in the experiment. Throughout the whole experiment, the change of resting pH i induced by the tested drug was compared at the steady state after treating the drug, unless otherwise stated.
NHE, NHS, and MCT activities were represented by the slopes after intracellular acid loading (NH 4 Cl or lactate adding and removal, see below for details), which were compared at a common pH i to eliminate possible variation in the recovery rate due to pH i -dependent changes in intracellular H ϩ buffering or acid transport activation. The rate of change of pH i (dpH i /dt) was measured by a computer as the least-squares regression line fitted to calibrated pH i data sampled at 0.5-sec intervals over a 1.5-min period.
Moreover, to prevent the possible influence of fluorescent dye leakage on the pH i recording, the strength of both wavelength 510-nm emissions at 490-and 440-nm excitation was continuously monitored in the oscilloscope and computer. The background fluorescence and autofluorescence were small (Ͻ5%).
Experimental Alteration of pH i by Weak Base Prepulse Technique
NH 4 Cl prepulse techniques were used to induce acute acid loading (Roos and Boron, 1981) . NH 4 Cl prepulses were achieved with (ϳ10 min) extracellular exposures to 20 mM NH 4 Cl. Briefly, the mechanism of the NH 4 Cl prepulse technique relies upon the characteristic of incomplete dissociation. Although both charged (NH 4 ϩ ) and uncharged (NH 3 ) species of NH 4 Cl exist at the same time in solution, the uncharged species (NH 3 ) is lipid soluble and therefore able to permeate the lipid bilayer of the cell membrane. In contrast, the charged species (NH 4 ϩ ) permeates relatively slowly, through various membrane protein routes. In other words, the whole process of the prepulse can be explained in terms of four phases as shown in the left part of Fig. 1a : rapid entry (phase 1), slow recovery (phase 2), rapid exit (phase 3), and pH i regulation (phase 4).
Electrophysiological and Mechanical Experiments
The human atrial myocardium samples were driven by electrical stimuli at a frequency of 1 Hz. Transmembrane potentials were recorded using traditional glass microelectrodes filled with 3 M KCl, and the contractile force was measured using a Gould UC2 force transducer, (Gould, Cleveland, OH) as described previously (Lin et al., 1985) . Preparations were preloaded by equilibrating for 2 hr under an optimal resting tension of 150 mg. The electrical and mechanical events were displayed simultaneously on a Gould 4072 oscilloscope (Gould, Essex, UK) and a Gould ES 1000 recorder (Gould, Cleveland, OH). The action potential amplitude, action potential duration at 50% repolarization and 90% repolarization (APD 50 and APD 90 , respectively), maximum diastolic potential, and twitch force were measured as described previously (Lin et al., 1994) . To prevent possible unstable impalement affecting the measured parameters of action potential during the experiments, we used only those preparations that had stable control (i.e., without losing impalement for, at least, one half hour) to continue the subsequent protocols.
Chemicals and Solutions
Standard HEPES-buffered Tyrode solution (air equilibrated) contained the following: NaCl, 140 mM; KCl, 4.5mM; MgCl 2 , 1 mM; CaCl 2 , 2.5 mM; glucose, 11 mM; HEPES, 20 mM; pH adjusted to 7.4 with 4 N NaOH. Unless otherwise stated, pH adjustments of all HEPES-buffered solutions (including those where ionic substitutions were made; see below) were performed at 37°C. Standard bicarbonate-buffered Tyrode solution (equilibrated with 5% CO 2 /23 mM HCO 3 -) was the same as above, except that the NaCl concentration was reduced to 117 mM and 23 mM NaHCO 3 was added instead of HEPES (pH 7.40 at 37°C). The sodium citrate solution was used while investigating the lactate transport carrier (i.e., MCT) (Fig. 2 ) contained the following: sodium citrate, 100 mM; HEPES, 20 mM; pH adjusted (NaOH) to 7.40 at room temperature (Ϸ25°C).
When 20 mM NH 4 Cl was used, it was added directly as solid to the solution with osmotic compensation by replacing the same concentration of NaCl, because NH 4 Cl was easily dissolved in the solution. Unless otherwise stated, all chemicals were purchased from Sigma (USA) and Wako (Japan).
Statistics
All data are expressed as means Ϯ SEM for n preparations. Statistical analysis was performed using one-way ANOVA, and Wilcoxon signed rank test was used to test significance. p Ͻ 0.05 was regarded as significant. 
RESULTS
Effect of Alcohol on Resting pH i in HEPES-Buffered Tyrode Solution
To examine whether alcohol causes pH i disturbance in human atrial myocardium, the experiments were first performed in HEPES-buffered superfusate (nominally free of CO 2 /HCO 3 -). The steady-state pH i value for human atrial myocardium was found to be 7.24 Ϯ 0.02 (n ϭ 21). This value is similar to that reported previously for animal models (Ellis and Thomas, 1976 ) and human models (Loh et al., 2002a (Loh et al., , 2002b .
At the beginning of all pH i measurement experiments, unless otherwise stated, a 20 mM NH 4 Cl prepulse was applied for Ϸ10 min to induce intracellular acidosis (Roos and Boron, 1981) , and only those tissues showing rapid pH i recovery immediately after induced intracellular acidosis were used in experiments, thus guaranteeing that the tissue was in good condition. The left part of Fig. 1a shows a typical NH 4 Cl prepulse control (see Materials and Methods for details), in which the induced acute intracellular acid load is followed by rapid recovery. The effect of superfusion with alcohol (30-1000 mM) on pH i of human atrial myocardium is shown in the right part of Fig. 1a . Alcohol treatment caused concentration-dependent, biphasic changes on pH i [i.e., alkalosis at the lower concentration (30 mM) followed by acidosis at higher concentrations of alcohol (100 -1000 mM). Note that the dramatic intracellular acidosis (Ն Ϫ0.2 pH unit) induced by 1000 mM alcohol is reversible immediately after washout, which is indirect evidence that the function of the cell membrane is still normal after removal of alcohol. The histogram (Fig.  1b) shows the mean alcohol-induced pH i changes for six experiments, similar to that shown in Fig. 1a . The results clearly show that the alcohol-induced pH i change is concentration dependent and biphasic between 30 mM and 1000 mM.
Effect of Alcohol on NHE
Under the superfusate of HEPES-buffered Tyrode solution, the acid extruding a mechanism for resting pH i homeostasis is mediated exclusively by NHE (Lagadic- Gossmann et al., 1992; Loh et al., 2002a Loh et al., , 2002b . To examine the role of NHE on the alcohol-induced intracellular acidosis shown in Fig. 1 , the activity of NHE was measured in the following experiments that were performed in HEPESbuffered solutions, nominally free of CO 2 /HCO 3 -. As shown in the left part of Fig. 3a , pH i recovered from intracellular acidosis through NHE (Loh et al., 2002b) . Alcohol exerted a concentration-dependent, biphasic effect on the pH i recovery slope, as illustrated in the right part of Fig. 3a . A moderate concentration of alcohol (30 mM) exerted an increasing effect on pH i recovery, while higher concentrations (100 -1000 mM) exerted an inhibitory effect. Note that 1000 mM alcohol completely but reversibly suppressed the activity of NHE. The histogram (Fig. 3b) shows the mean pH i recovery slope (measured at pH i ϭ 6.84 Ϯ 0.02) before and after alcohol addition for six experiments, similar to that shown in Fig. 3a . Therefore, these results provide clear pharmacological evidence that, in HEPES-buffered Tyrode solution, the underlying mechanism for alcohol-induced pH i disturbance is mainly due to its concentration-dependent, biphasic effect on NHE in human atrial myocardium.
Effect of Alcohol on Resting pH i in Physiological-like Buffered Solution
To check the effect of alcohol under a more physiological-like condition, the experiments were performed in the superfusate of CO 2 /HCO 3 --buffered Tyrode solution. The steady-state pH i value for human atrial myocardium was found to be 7.27 Ϯ 0.02 (n ϭ 16), which is more alkalosis than that in HEPES-buffered solution (see above text). As illustrated in the trace of Fig. 4a , the effects of alcohol (30 -1000 mM) on pH i were not only time dependent but also biphasic (i.e., an increase followed by a decrease). Such alcohol-induced pH i disturbance is similar to that in HEPES-buffered solution, but with a smaller extent. Moreover, the kinetics of the resting pH i change induced by alcohol in CO 2 /HCO 3 --buffered solution are different with that in HEPES-buffered solution. The latter (in HEPES-buffered solution) can reach steady state immediately (see the right part of Fig. 1a) , while the former (in CO 2 /HCO 3 --buffered solution) cannot (see the right part Fig. 4a) . Again, the dramatic intracellular acidosis (ϳ Ϫ0.2 pH unit) induced by 1000 mM alcohol is reversible immediately after washout. The histogram (Fig. 4b) shows the mean alcohol-induced resting pH i changes for six experiments, similar to those shown in Fig. 4a .
Effect of Alcohol on NHS
The percentage contribution of NHE and NHS has been described in animal cardiomyocytes (Grace et al., 1993; Lagadic-Gossmann et al., 1992; Loh et al., 1996) and human cardiomyocytes (Loh et al., 2002a (Loh et al., , 2002b . At different measured pH i values, NHS contributes approximately from ϳ 20% to ϳ 50% to acid efflux after an induced intracellular acid load in animal and human cardiac cells (Lagadic-Gossmann et al., 1992; Loh et al., 2002b) . We were therefore interested in testing the effect of alcohol on NHS in the human atrium. The first part of the trace shown in Fig. 5a illustrated pH i recovery from an acid load with the addition of Hoe 694, a specific potent inhibitor of NHE, in 5% CO 2 /HCO 3 --buffered Tyrode solution. Under such conditions, the acid extrusion mechanism is mainly due to the acid extruder of NHS (Loh et al., 2002a (Loh et al., , 2002b . A surprising finding was that, as shown in Fig. 5a , the pH i recovery was increased in a concentration-dependent way by addition of 30-1000 mM alcohol. The histogram in Fig.  5b shows the pH i recovery slope (measured at pH i ϭ 6.79 Ϯ 0.04) after acid loading for four experiments with human atrial myocardium similar to that shown in Fig. 5a .
Given the fact that alcohol shows opposite effects between NHE and NHS (i.e., the exchanger is inhibited and the symporter is stimulated; see Figs. 3 and 5), we predicted that 1000 mM alcohol could not completely inhibit pH i recovery in 5% CO 2 /HCO 3 --buffered Tyrode solution. Indeed, as predicted, in the experiments as shown in Fig. 6b , we found that 1000 mM alcohol only slowed [Ϫ72% Ϯ 11% (n ϭ 5); p Ͻ 0.05], instead of totally abolishing, the pH i recovery in 5% CO 2 /HCO 3 --buffered Tyrode solution. However, in the parallel experiments, 1000 mM alcohol totally abolished the pH i recovery in HEPES-buffered solution, as shown in Fig. 6a [Ϫ100% Ϯ 0% (n ϭ 6); p Ͻ 0.05). Therefore, this result suggests that both NHE and NHS are responsible for most acid extrusion in the human heart (see Discussion for more details).
Effect of Alcohol on MCT
Alcohol might conceivably affect pH i by interfering with the uptake or release of lactic acid or other monocarboxylic acids from the cell. Figure 2 shows an experiment designed to demonstrate the effects of activation of the sarcolemmal MCT on pH i . A cardiac cell was superfused with an isotonic solution of 100 mM sodium citrate (pH o 7.40) at 25°C. In the steady state under these conditions (see Wang et al., 1994) , pH i becomes somewhat alkaline, HCO 3 --and Cl --dependent acid equivalent carriers are inactivated, and because of the high pH i and relatively low temperature, NHE is virtually inactive (Loh et al., 1996) . The periods of adding and removal of sodium L-lactate have been shown as a protocol in Fig. 2a . Addition of extracellular sodium L-lactate (10 mM) produces a monotonic and rapid fall in pH i , which is reversed upon lactate removal, as shown in the left part of Fig. 2b . These changes in pH i are caused by sarcolemmal movement of lactic acid, much of which occurs via MCT (De-Hemptinne et al., 1983; Poole and Halestrap, 1993; Wang et al., 1993) . Figure 2b shows that alcohol (30-1000 mM) exerted virtually no effect on the lactate-induced fall in pH i when averaged over the first 30 sec. Similar results were found in another four atrial myocardium samples (p Ͼ 0.05). We concluded that alcohol (30-1000 mM) has no effect on MCT. The virtual lack of an effect of alcohol, even at the highest concentration of 1000 mM, on pH i recovery after lactate-removal also confirms that under these particular conditions most pH i recovery is via the lactate carrier and not via NHE.
Electrophysiological and Mechanical Effects of Alcohol
To examine the relationship between the alcoholinduced pH i disturbances and cardiac dysfunction, parallel experiments on the electromechanical parameters of the human myocardium were performed. Effects of alcohol on the electrophysiological characteristics and contractile force in normal (5% CO 2 /HCO 3 --buffered) Tyrode solution are illustrated in Fig. 7 . Under each condition, the left part showed traces in slow-speed recording, while the right part showed traces in fast-speed recording (see Fig. 7c for the time bar). In a preparation responding to electrical stimulation (1 Hz), 30 mM alcohol had no obvious effect on the duration and amplitude of the action potential (top trace) and 0 phase depolarization of the action potential (Vmax; middle trace) but reduced the contractile force (bottom trace). In contrast, 100 and 300 mM alcohol had significant effect on the action potential characteristics, including shortening of the APD 50 and APD 90 and inhibition of the Vmax (Fig. 7c and 7 days; top and middle traces); it also dramatically decreased the contractile force in a concentration-dependent manner ( Fig. 7c and 7 days; bottom trace). By adding 1000 mM alcohol at Ϸ1 min, generation of the action potential and contractile force were totally abolished (Fig. 7e) . These effects were slowly reversible after washout (6 Ϯ 3 min; n ϭ 5) in drug-free Tyrode solution (Fig. 7f) . The results of five similar experiments showing the concentration-dependent effects of alcohol on electrophysiological and mechanical parameters are summarized in Table 1 .
DISCUSSION
Various Effects of Alcohol on Acid Extruders (NHE, NHS, and MCT)
Using the technique of microspectrofluorometry, we have provided straightforward and convincing pharmacological evidence, for the first time to our knowledge, that alcohol causes a concentration-dependent (30 -1000 mM), biphasic pH i change [i.e., alkalosis at a lower concentration (30 mM) followed by acidosis at a higher concentration (100 -1000 mM)] in human atrial myocardium (Figs. 1 and  4) . Moreover, the foregoing results indicate that alcohol has various effects on the three known sarcolemmal transporters involved in the transport of acid equivalents. We clearly demonstrated that alcohol exerted no effect on MCT (Fig. 2) , while showing an increasing effect on NHS (Fig. 5) in the range of 30-1000 mM. On the contrary, alcohol had a concentration-dependent, biphasic effect (an increase followed by a decrease) on NHE (Fig. 3) .
In our previous study, we demonstrated that there are two different acid extruders, NHE and NHS, that functionally exist in human atrial and ventricular myocytes (Loh et al.2002a (Loh et al. , 2002b . Therefore, we assumed that the pH i disturbance caused by alcohol is mainly due to its effect on NHE and/or NHS in either HEPES-buffered or HCO 3 --buffered Tyrode solution. Indeed, in HEPES-buffered Tyrode solution, the activity of NHE was affected in a biphasic, concentration-dependent manner, which is consistent with that of the resting pH i (Figs. 1 and 3) . Therefore, this result supports that the possible underlying mechanism for alcohol-induced pH i change in HEPES-buffered Tyrode solution is mainly due to its effect on the activity of NHE.
Percentage Contribution of NHE and NHS on Acid Extrusion
Moreover, in the present experiments, we found that alcohol induced a similar change in pH i (i.e., concentrationdependent and biphasic) when the superfusate was changed from HEPES-buffered Tyrode solution to HCO 3 --buffered Tyrode solution (Fig. 4) . However, it is interesting to note that the activity of NHS was increased by alcohol in a concentration-dependent manner (Fig. 5) , instead of being inhibited like NHE. In our previous study, we demonstrated that the percentage of contribution of NHE is nearly equal to that of NHS around the resting pH i range (7.1-7.2), while it plays a more important role than NHS when the pH i is more acidic in human atrium and ventricular myocardium (Loh et al., 2002a (Loh et al., , 2002b . For example, in testing pH i around 6.8, the percentage of contribution of NHE and NHS on the pH i recovery after acid load is 80% and 20%, respectively. Therefore, the ultimate effect of alcohol on resting pH i should be determined by the summing-up effects of NHE and NHS in HCO 3 --buffered Tyrode solution. This explains the observed phenomenon of the different kinetics of resting pH i changes induced by alcohol between HEPES-buffered Tyrode solution (Fig.  1a) and HCO 3 --buffered Tyrode solution (Fig. 4a) . Because alcohol caused a larger NHE decrease than NHS increase, the alcohol-induced pH i change should be dominated mainly by its effect on NHE in HCO 3 --buffered Tyrode solution. Indeed, this prediction is consistent with the result shown in experiments similar to those shown Fig.  4 . In addition, it needs more time to reach steady state of the resting pH i in HCO 3 --buffered Tyrode solution. Therefore, the present result strongly suggests that the underlying mechanism for the alcohol-induced pH disturbance is mainly caused by its alteration of the activity of NHE (inhibiting effect) as well as NHS (increasing effect) (Figs. 3, 5, and 6 ) when the superfusate is in 5% CO 2 /HCO 3 --buffered Tyrode solution. Moreover, the experiment shown in Fig. 6 confirms that NHE plays an important role in the regulation of pH i homeostasis during acidosis condition. The inhibition of pH i recovery induced by 1000 mM alcohol is 100% in HEPES solution, while it is only 72% in 5% CO 2 /HCO 3 --buffered Tyrode solution. This is consistent with our previous findings that in testing pH i around 6.8, the percentage of contribution of NHE and NHS on the pH i recovery after acid load is 80% and 20%, respectively (Loh et al., 2002a (Loh et al., , 2000b ).
Alcohol-Induced pH i Changes and Cardiac Contraction and Rhythm
Disturbances in pH i of the heart can trigger major changes in the strength and rhythm of the heartbeat. It can even produce reversible contractile dysfunction and malignant ventricular arrhythmias in cardiac myocytes as well as other cell types (Bond et al., 1991) . Indeed, it has been found that intracellular acidosis can provoke cardiac arrhythmias (Orchard and Kentish, 1990 ) and contraction declines (Fabiato and Fabiato, 1978; Jacobus et al., 1982) . In the present study, by using the traditional electrophysiological technique, we showed that alcohol (Ͼ100 mM) caused significant effects on electromechanical parameters, such as APD and 0 phase depolarization, and induced a decrease in the twitch amplitude ( Fig. 7 and Table 1 ). Given the fact that alcohol caused significant intracellular acidosis when the concentration was Ͼ100 mM, we suggest that the alcohol-induced pH i disturbance attributed, more or less, to the alcohol-induced changes of electromechanical parameters.
The present study found that alcohol could induce notable intracellular acidosis (Fig. 4) and electrophysiological alteration ( Fig. 7 and Table 1 ) at a concentration of Ͼ100 mM. Therefore, our data are consistent with an in vivo canine model showing that alcohol at a dose of 207 Ϯ 13 mg% (ϳ 449 mM) directly or indirectly caused increased metabolic acidosis and myocardial depression in the posthemorrhage period ( Gruber et al., 1992) . In addition, our findings are in good agreement with those for the intact rat heart: low concentrations of alcohol (15-45 mM) are beneficial to cardiac performance, while higher concentrations of alcohol (90-135 mM) are detrimental (Altura et al., 1996; Weber et al., 2003) . On the contrary, our findings are contradicted with those for in vitro rat heart (Schulman et al., 1991) : namely, alcohol (128 -1024 mM) caused a concentration-dependent decline in developed pressure and electrical activity without a change in pH.
Note that the changes in extracellular osmolarity might have a big impact on all the parameters measured in the present study. Therefore, we cannot rule out the possibility of interference from an osmotic effect, especially in the cases of adding higher concentrations of 300 and 1000 mM.
Potential Role of Alcohol and Inhibitors/Activators of NHE and NHS in the Clinic
In the present study, we proved that alteration of NHE and NHS activities directly changes the value of pH i and might further affect the function of the heart. Therefore, we predicted that the development of NHE and NHS inhibitors/activators might involve an important approach for preventing some acute, pathologic cardiac illness in the clinic. For example, during ischemia and reperfusion of the myocardium, cell injury, necrosis, stunning, and arrhythmias can occur (Orchard and Cingolani 1994) . The mechanism by which these occur may involve NHE Kalia and Vaughan-Jones 1987; Karmazyn and Moffat 1993; Scholz et al., 1993) . Because NHE is a major uptake system for Na ϩ during acidosis Schomig et al., 1988) , the resulting increase in the intracellular Na ϩ concentration may trigger calcium influx via the Na ϩ /Ca 2ϩ exchanger Lazdunski et al., 1985) . This could result in intracellular calcium overload, leading to arrhythmias and even cell death (Tani and Neely 1989) . Therefore, a specific NHE inhibitor may be another useful approach to preventing arrhythmic injury after reperfusion procedures in the clinic. Indeed, it has been found that inhibitors of NHE such as amiloride, amiloride analogues, and Hoe 694 are all as expected, showing marked protective effects in different animal models (both in vitro and in vivo) of cardiac ischemia and reperfusion (Camilion de Hurtado et al., 1996; Meng et al., 1993; Scholz et al., 1993; Schomig et al., 1988) . Although the present study proved that alcohol could inhibit NHE activity significantly, this occurred at higher concentrations (Ͼ100 mM) that depress contractility of the heart and are toxic to the human body. Thus, we suggest that the utility of using alcohol to diminish ischemic reperfusion is likely to be very limited.
Moreover, using the technique of microspectrofluorometry, we found that the contribution of NHS was nearly equal to that of NHE during the resting pH i , which is similar to our previous finding (Loh et al., 2002a (Loh et al., , 2002b . Although NHS contributes less than NHE to the aciddefending mechanism (Fig. 2) , it certainly affects, more or less, the homeostasis of other intracellular ions, such as Na ϩ and Ca 2ϩ . Therefore, it is possible that activation or inhibition of NHS can, through a change in pH i , secondarily modulate the basic human cardiac functions, such as rhythm and contractility. Until now, only inhibitors of NHS, the disulfonic stilbene derivatives such as DIDS (Loh et al., 1996) , have been found. To our knowledge, there have been no reports of the finding of an NHS activator. Therefore, the present study reports, for the first time, that alcohol at a moderate concentration (30 mM) could increase NHS activity, although far from specific. However, whether the application of an NHS inhibitor/activator is useful as an ischemia and postischemia cardioprotective agent requires further investigation.
